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1.  INTRODUCTION

At high northern latitudes, climate warming and
global economic forces have encouraged expansion
of oil and gas extraction, shipping, commercial fish-
eries, and other industrial development (Harris et al.
2018). Under these conditions, spatial planning for
conservation requires estimating the present and
future dispersion of high-value habitats and the food

webs they support (Gormley et al. 2013, de la Torri-
ente et al. 2019). Although particular species may
drive commercial, legal, or subsistence concerns
(Pautz ke 2005, Lovvorn et al. 2015b, 2018b), conserv-
ing different habitats and food web support functions
requires maintaining both diversity of taxa and their
associated interactions in a changing climate (Kiss -
ling et al. 2012, Lovvorn et al. 2016). Because the
present distributions of different taxa and their inter-
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actions are expected to continue ongoing change,
methods for tying food web structure and function to
abiotic variables predicted by climate models would
aid in long-term monitoring and spatial planning of
conservation areas (Steenbeek et al. 2013, Hermann
et al. 2016, Weinert et al. 2016). In this study, we eval-
uated a method for relating physical models of ocean
bathymetry, flow velocity, temperature, and salinity
to spatial patterns of the organic carbon content of
surface sediments, a variable that is often a key de -
terminant of benthic food webs.

The structure of benthic assemblages across mar-
ine landscapes has been correlated with diverse vari-
ables in different studies, and undoubtedly a range of
variables interact to produce areas of high produc-
tion by benthic food webs at large scales (e.g. Greb-
meier et al. 2015a). However, it is usually not possible
to protect entire regions from the joint effects of
human impacts and climatic variations, and local
patterns of food web types will vary within these
broader regions. Regular monitoring to document
the trajectories of diverse component taxa at high
enough spatial resolution over large areas can be
impractical because of high cost. One possible solu-
tion is to link the distributions of recognizable food
web types to hydrographic models driven by physical
variables that are more readily measured and mod-
eled (Garcia et al. 2011). Efforts to relate the func-
tioning of entire food webs to physical oceanographic
models will be aided by variables that subsume
diverse determinants of food web structure and func-
tion, as opposed to accounting for the individual re -
sponses of many biotic components to a range of
environmental factors (McHenry et al. 2017).

As a single variable, the organic carbon (OC) con-
tent of surface sediments integrates many factors that
regulate benthic assemblages. These factors include
primary production and lateral advection of phyto -
detritus, larval dispersal and settlement, redox condi-
tions, geochemical processes, and the relative effec-
tiveness of filter- and deposit-feeding (reviewed by
Lovvorn et al. 2018a). Sediment grain size is often a
primary correlate of benthic assemblages, and is typ-
ically highly correlated with organic content (Greb-
meier et al. 2015b, 2018, Lovvorn et al. 2018a). How-
ever, unlike sediment grain size, sediment OC func-
tionally represents food inputs at the base of benthic
food webs that modulate energy conveyed to higher
trophic levels, thus altering assemblage structure
and species interactions. As a result, in the northern
Bering Sea, sediment OC is a powerful predictor of
food web types as well as trajectories of change
(Lovvorn et al. 2016, 2018a).

Over large areas of continental shelves in the Am-
erasian Arctic, soft sediments are dominated by de-
posit-feeders and filter-feeders that subsist mainly on
settled microalgae (ice algae and phytoplankton) or
on bacteria that consume algal-derived material (Mc-
Tigue & Dunton 2014, North et al. 2014, Lovvorn et
al. 2015a). For benthic macrofauna, food availability
is generally more important than typical variations of
temperature in regulating seasonal changes in me-
tabolism and growth (Clarke 1988, Ahn et al. 2003,
Carroll et al. 2009, Eriksson Wiklund et al. 2009). De-
posit-feeders often depend largely on a longer-term
‘food bank’ of organic matter in sediments, ap -
parently incorporated into and consumed as bacteria,
regardless of the timing of major pulses of fresh phy-
todetritus (Mincks et al. 2008, McTigue & Dunton
2014, North et al. 2014). Accordingly, a number of
analyses suggest that the OC content of surface sedi-
ments, often in conjunction with water depth, is fre-
quently a good predictor of benthic biomass, assem-
blage structure, and food web function and their
response to climatic changes (Denisenko et al. 2003,
Grebmeier et al. 2006, 2015b, Gogina et al. 2010,
Blanchard & Feder 2014, Lovvorn et al. 2016, 2018a).

At scales of tens of kilometers, spatial patterns of
chlorophyll a in the underlying sediments often do not
correspond to patterns of phytoplankton production
in the upper water column (Lovvorn et al. 2013).
Moreover, total sediment OC was not closely corre-
lated (r2 = 0.22) to surface sediment chlorophyll levels
measured at certain times in the northern Bering and
southern Chukchi Seas (Cooper et al. 2012, Grebmeier
et al. 2018). These discrepancies likely result from
asynchronous spatial patterns of initial settlement,
followed by resuspension and lateral advection of
phytodetritus which over time tends to accumulate in
bathymetric depressions or regions of low flow (Puls &
Sundermann 1990, Rutgers van der Loeff et al. 2002).
Presumably due to shifts in advective regimes, longer-
term studies have shown that the patch structure of
sediment OC and related benthic assemblages can
change over periods of decades to only a few years
(Cooper et al. 2002, 2012, Lovvorn et al. 2014, Greb-
meier et al. 2015b). However, the spatial and temporal
scales at which sediment OC corresponds to local cur-
rent patterns have not been investigated.

Identifying important habitats for marine birds and
mammals is often an important priority in marine spa-
tial planning (Lovvorn et al. 2014, 2015b, Citta et al.
2018). These highly mobile endotherms range over
large areas seeking smaller patches of high prey den-
sity. Several large regions where benthic biomass is
consistently high over time, referred to as ‘hotspots’ of
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food web support to benthivorous top predators, have
been identified in the northern Bering Sea (Grebmeier
et al. 2015a). However, within those general areas are
more localized patches of preferred prey types with
high enough density to support profitable foraging.
These subareas typically occupy only a fraction of the
total area, and in some years can be quite restricted in
size or in accessibility to air-breathing endotherms
relative to ice cover (Nelson & Johnson 1987, Lovvorn
et al. 2009, 2014, 2015b, Brower et al. 2017). Ensuring
that such suitable patches are available in all years re-
quires consideration of food web types at smaller
scales (Blanchard & Feder 2014).

In the northern Bering Sea, different food web types
associated with different ranges of sediment OC are
more favorable to certain bottom-feeding predators
owing to differing composition of ma-
jor prey. For example, spectacled ei-
ders Somateria fischeri prefer thin-
shelled, deposit-feeding bivalves that
are shallowly buried in muddy, highly
organic sediments (Lovvorn et al.
2009, 2014); walruses Odobenus ros-
marus often feed on thicker-shelled,
facultative or filter-feeding bivalves
buried deeper in less organic sedi-
ments (Oliver et al. 1983, Born et al.
2003, Sheffield & Grebmeier 2009);
and gray whales Eschrichtius robustus
typically focus on filter-feeding crus-
taceans in sandier sediments with
lower OC (Oliver & Slattery 1985,
Brower et al. 2017). These prey items
are interdependent components of di-
verse assemblages which form recog-
nizable food web types in different
 areas of the northern Bering Sea
(Lovvorn et al. 2015a, 2016). Conser-
vation planning to ensure availability
of different food web types in all years
would be aided by models that project
the relative persistence of areas dif-
fering in sediment OC.

The Regional Ocean Modeling Sys-
tem (ROMS) is a 3-dimensional, time-
explicit framework for modeling
ocean and sea ice circulation. This
framework has been adapted to a
range of large marine systems in -
cluding the Bering and Chukchi Seas
(Curchitser et al. 2005, Danielson et
al. 2011 and references therein). We
used bathymetry, reanalysis winds,

and ROMS model hindcasts of the near-bottom layer
of the water column to relate seafloor depths, wind
stress, current patterns, temperature, and salinity to
the dispersion of sediment OC resulting from resus-
pension, lateral advection, and settling.

We analyzed model results within 2 regions of the
northern Bering Sea having notably different advec-
tive regimes: south and offshore of St. Lawrence
Island with only weakly directional flow fields, and
the Chirikov Basin north of St. Lawrence Island with
much stronger currents (Fig. 1; Clement et al. 2005,
Danielson et al. 2014). Between 1994 and 2010, data
on sediment OC and benthic assemblages were avail-
able from stations throughout these regions during 8
years in the southern area and 2 years in the northern
area. We used these data to investigate the ability of
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Fig. 1. Stations sampled for sediment non-algal organic carbon (OC; g C m–2,
excluding fresh microalgae) in the northern Bering Sea in May–June 2007, and
bathymetry from the Alaska Region Digital Elevation Model v.2.0. Various
combinations of these stations as well as others were sampled for sediment or-
ganic carbon in different years (Table 1). Stations shown were used in analyses
of benthic assemblages, and station symbols are color coded for 3 main types of
benthic assemblages and associated food webs (for details, see Section 2.3 and 

Lovvorn et al. 2018a)
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the ocean circulation model to hindcast local areas of
accumulation of sediment OC, and their relative per-
sistence over multiple years. We then used these
hindcasts to infer the location and extent of 3 major
food web types associated with different levels of sed-
iment OC, and the persistence of those distributions
over time, in light of their differential food web sup-
port of spectacled eiders, walruses, and gray whales.

We began by performing regressions of observed
sediment OC on a range of model output variables for
each year separately, and compared the results to a
regression based on all years combined. This compar-
ison revealed whether there were variables im portant
in only 1 or a few years that were not retained in the
all-years regression, thus lessening the effectiveness
of the all-years regression to predict the dispersion of
sediment OC in those years. We also compared pre-
dictions from the all-years regression to observed sed-
iment OC in each year to test the accuracy of predic-
tions. We then used levels of sediment OC associated
with 3 different food web types (Lovvorn et al. 2015a,
2018a) to delineate areas of these types based on re-
gressions for each year and for all years combined.
These analyses indicated the ability of the all-years
regression to identify areas of the 3 types that would
persist in all years, and how predictions would vary
depending on the number of years of data used in the
regressions. Comparison of predictions for individual
years with predictions of ‘average’ conditions from
the all-years regression was important to our goal of
delineating areas that ensured adequate habitat avail-
ability even in years with extreme conditions. Compet-
ing human interests typically constrain the locations
and extent of protected habitat to limited portions of
average areas that are suitable. If the time series of
available data subsumes extremes likely to occur in the
foreseeable future, annual variations might be more
suitable for planning than are longer-term averages,
because they better capture the possible range of
future conditions.

2.  MATERIALS AND METHODS

2.1.  Study area and sediment sampling

Water depths in our study area south of St. Law -
rence Island ranged from 29 to 103 m (mean ± SD = 63
± 15 m), and in the Chirikov Basin north of the island
from 22 to 65 m (39 ± 9 m). During the period of this
study (1994− 2007), bottom water temperatures for
much of the year were <0°C in the southern study
area, and <2°C in the Chirikov Basin (higher during

summer in eastern nearshore areas). In preceding
decades and through the period of this study, this en-
tire region was typically covered by pack ice for 5−
6 mo per year. Bering Shelf Water dominates the area
south of the island, with summer water and winter
water characteristics (Danielson et al. 2017) evolving
through the course of the year. South of St. Lawrence
Island, there is persistent background flow toward
the east in the nearshore zone (Danielson et al. 2006);
however, in the offshore region of our study, the flow
field exhibits modest current speeds without strong
directional movement (Clement et al. 2005, Danielson
et al. 2012). In the Chirikov Basin are 3 northward-
flowing water masses, namely Anadyr Water, Bering
Shelf Water, and Alaska Coastal Water positioned
from west to east, respectively, which converge to
pass through the Bering Strait at the northern end of
the basin. These water masses differ substantially in
temperature, salinity, and chemical characteristics
(Danielson et al. 2017), and fronts be tween them shift
seasonally and even by tens of kilometers in less than
a week (Gawarkiewicz et al. 1994).

Sediments were sampled during cruises from mid-
March to early June in 8 years between 1994 and
2010 (Table 1). A number of stations were the same
among cruises, but various stations were added in
different years. Fig. 1 shows stations at which benthic
invertebrates and fish were sampled in 2006 and
2007, the years of data that were used to develop
food web models for the region (Lovvorn et al. 2015a,
2016, 2018a).

At each station, we used the barrel of a syringe to
collect duplicate 1 cm3 sediment samples (1.54 cm2
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Year                   Days                 No. of        Cruise name
                                                  stations

South of SLI
1994         26 May to 6 June          23            HX177
1999             13−27 April               32            PolarSea1999
2001       18 March to 1 April        35            PolarStar2001
2006          9 May to 2 June           60            HLY0601
2007              18−28 May               41            HLY0702
2008            16−23 March             20            HLY0801
2009            14−28 March             33            HLY0901
2010            13−29 March             44            PolarSea2010

Chirikov Basin
2006              20−25 May               23            HLY0601
2007         29 May to 3 June          23            HLY0702

Table 1. Dates, cruise names, and numbers of stations sam-
pled for organic carbon content of sediments in the northern
Bering Sea south of St. Lawrence Island (SLI) and in the
Chirikov Basin. Archived data for all cruises are available in 

Grebmeier & Cooper (2014, 2016)
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surface area) from the top of a van Veen grab before
opening the grab. Total OC in samples acidified
to remove inorganic carbonates was measured with a
carbon-hydrogen-nitrogen analyzer (Control Equip-
ment). Chlorophyll a (chl a) content of acetone-
extracted samples was measured in accordance with
Welsch  meyer (1994) with a 10AU fluorometer (Turner
Designs), and the 2 measurements were averaged
(Cooper et al. 2002, 2012). (Surface sediment and chl a
data are archived in Grebmeier & Cooper 2014, 2016)
We converted chl a to g C of fresh microalgae by the
ratio 34 g C (g chl a)–1, which is representative of val-
ues during rapid growth (bloom) conditions reported
for a variety of geographic areas (for review, see the
Supplementary Material for Lovvorn et al. 2015a).

‘Fresh’ microalgae may include some chlorophyll
that persists in sediments for long periods (Pirtle-
Levy et al. 2009), but we are distinguishing intact
algal cells containing viable chlorophyll from the
more degraded, longer-term pool of organic matter
in sediments. As both the Welschmeyer method and
filters in the 10AU fluorometer mostly exclude break-
down products of chl a (e.g. pheophytin), our meas-
urements were predominantly of chl a within micro-
algal cells that were still living or undegraded after
recent settlement. The biomass of the pool of longer-
term OC (LTOC) in sediments was calculated by sub-
tracting fresh microalgal biomass (g C) from total
OC. Spatial patterns of LTOC reflect net resuspen-
sion and redeposition of sediments on an annual
basis, and its incorporation into bacteria appears to
provide the main input to detritus-based food webs
in this region (McTigue & Dunton 2014, North et al.
2014, Lovvorn et al. 2015a).

Earlier studies in this region showed that most bio-
mass of infauna occurs within the top 5 cm (Greb-
meier & McRoy 1989), and that sediments within that
layer are usually well mixed (Pirtle-Levy et al. 2009).
As LTOC concentrations change little to a depth of
5 cm, we extrapolated LTOC in the top 1 cm to the
top 5 cm to represent its availability to most benthic
macro fauna. Analyses of sediment samples in 1994
were not directly comparable to those in later years,
so we used 1994 data to examine correlations within
that year but not to evaluate the predictive capability
of the subsequent reduced models.

2.2.  Data analysis

The configuration of ROMS that we applied to this
study covers a domain that extends from south of the
Aleutian Islands to the North Atlantic on a telescop-

ing grid, with 4−5 km horizontal resolution in the
Bering Sea. We refer to this configuration as the Pan-
Arctic ROMS (PAROMS). PAROMS has been imple-
mented over 1983−2015 to compute the flow field, ice
cover, and thermohaline conditions across 50 depth
layers from the surface to the seafloor (Danielson et
al. 2016). The model includes the underlying bathy -
metry and is driven by external forcing: wind stress,
tides, earth rotation, surface heat and freshwater
fluxes, and flows through the lateral boundaries. For
a 50 m water column, the bottom layer in the model
extends about 1.5 m above the seafloor.

We used PAROMS to characterize the bottom layer
of the water column from 1994−2010, and computed
monthly means of output fields. We examined near-
bottom flow speed, the north−south flow velocity vec-
tor (V), the east−west flow velocity vector (U), salinity,
and temperature. Tides, inertial currents, and other
short-term flow variations were not explicitly consid-
ered in our analyses. We expected the monthly mean
flow field to reflect mainly the influence of wind-dri-
ven motions and seasonal adjustments due to changes
in the large-scale horizontal pressure gradients.

In addition to the model hindcasts, we also used
data on surface winds and seafloor bathymetry. We
obtained surface wind stress from the Blended Sea
Winds data set (National Center for Environmental In-
formation, https://www.ncdc.noaa.gov/data-access/
marineocean-data/blended-global/blended-sea-
winds). We used water depths having a horizontal
resolution of about 1 km and a vertical resolution of
1 m from the Alaska Region Digital Elevation Model
(ARDEM v. 2.0; Danielson et al. 2015).

To analyze bathymetry, wind, and PAROMS output
within a GIS, we converted each variable from its
original format into spatially referenced raster grids
with Python v. 3.6 and Spyder (Scientific Python
Development Environment, https://www.spyder-ide.
org/). Using the Geospatial Data Abstraction Library
(GDAL) ‘numpy’ and ‘osgeo’ modules (https:// pypi.
org/ project/GDAL/), we applied the ‘ReadAsArray’
method to geotransform and project each array into
geotiff format. Within ArcGIS, we converted the geo-
tiffs into a polar stereographic equal-area projection,
and resampled the PAROMS data from rectangular
geographic cells (0.05° latitude × 0.2° longitude) into
4 square pixels (4.3 km × 4.3 km). Monthly mean data
were summarized on several temporal scales (e.g.
5 yr mean, previous winter mean). We also created
rasters for month-to-month changes in salinity, tem-
perature, and currents.

Sediment transport models typically base erosion or
deposition on a threshold of shear stress or flow speed
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extrapolated via a logarithmic profile to the sediment
surface from a flow speed measured or modeled some
distance above the sea floor (Kösters & Winter 2014).
However, such erosion thresholds vary substantially
with sediment grain size, rugosity of the sea floor, ef-
fects of fauna on surface roughness and stability, and
adhesion among particles due to biotic secretions
(Thomsen & Flach 1997, Le Hir et al. 2007, Kösters &
Winter 2014). Even with measurements of such ef-
fects, applying average values over large areas would
misrepresent such heterogeneous processes at a
range of spatial scales. In our initial attempts to pre-
dict accumulation of LTOC from near-bottom flows
modeled by PAROMS, changing the threshold speed
below which deposition should occur did not alter the
accuracy of predicted patterns of LTOC relative to
those measured by field sampling. Consequently, we
relied on simple correlations of flow speeds in the
bottom layer of PAROMS simulations with LTOC in-
terpolated among sampling stations.

We used the 2007 sediment data south and north of
St. Lawrence Island as a test case to explore spatial
relationships between LTOC in surface sediments
and possible correlates (Table A1 in the Appendix).
In the statistical program R (version 3.44, with R
packages ‘car,’ ‘nlme,’ and ‘lme4’), we performed for-
ward stepwise regression to identify independent
variables that best predicted sediment LTOC. We
used the variance inflation factor to identify the
extent of multicollinearity between variables, and
used Moran’s I to identify spatial autocorrelation.
Variables exhibiting these characteristics were not
used in further analyses.

Based on results from analyses for 2007, we per-
formed forward stepwise regressions with a reduced
set of variables for all years (Table 2). As most vari-
ance in LTOC was explained by single variables in
both the Chirikov Basin and south of St. Law rence Is-
land (see ‘Results’), we then performed a geographi-
cally weighted regression (GWR) on LTOC for each
year using that single best predictor variable (water
depth for south of St. Lawrence Island, and north−
south flow in certain months for the Chirikov region).
GWR predicted the de pendent variable (LTOC) from
the independent variable (depth or north−south flow
velocity) by a regression developed for each 1 km2

pixel. The regression algorithm for each pixel in-
cluded a variable number of neighboring stations (15
to 40) as selected by Akaike’s information criterion
corrected for small sample size (AICc), with closer lo-
cations carrying greater weight than more distant lo-
cations. Using predicted variables for each pixel, we
produced a map of LTOC for each year. We then ap-

plied the thresholds of LTOC that distinguished 3 ma-
jor food web types identified by Lovvorn et al. (2018a)
to delineate the distributions of these types across the
study area for each year.

2.3.  Sediment organic carbon and food web types

Although benthic deposit-feeders in this region do
ingest fresh microalgae, stable isotope and fatty acid
biomarkers indicate that they assimilate mainly bac-
teria that consume well-reworked organic carbon
(LTOC, McTigue & Dunton 2014, North et al. 2014;
see also Mincks et al. 2008). (For food web models of
carbon sources and flows, see Lovvorn et al. 2015a)
Guided by these results, Lovvorn et al. (2018a) identi-
fied 3 major benthic food web types that occur along a
gradient of levels of sediment LTOC in the northern
Bering Sea. Type 1 is associated with high LTOC
(>23 g C m−2 in the top 5 cm of sediments), and is a
mainly deposit-feeding assemblage dominated by in-
faunal bivalves, polychaetes, nemerteans, sip un culids,
priapulids, brittle stars, and flatfish. Type 3 is associ-
ated with relatively low LTOC (<9 g C m−2) and has
greater prevalence of filter-feeding bivalves and am-
phipods, as well as crabs, sea stars, and sculpins. Type
2 is intermediate between the other 2 types in LTOC
and faunal composition, but with relatively higher bio-
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Bathymetric depth

Drainage area
Slope of sea floor, based on depths from PAROMS for
each 19 km2 pixel 

Salinity (from PAROMS)
  Individual means for each of the prior 12 mo
  Mean and SD among all months during the prior 5 yr

Water temperature (from PAROMS)
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year

East−west and north−south flow vectors (from PAROMS)
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year 
  Mean and SD among all months during the current
winter

  Mean and SD among all months during the prior 5
 winters

Resultant flow speed (from PAROMS)
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year

Table 2. Independent variables regressed against longer-
term organic carbon (LTOC) in sediments during all years of
sampling (see Table 1). Winter was defined as October until
the month of sampling (March, April, or May). PAROMS: 

Pan-Arctic Regional Ocean Modeling System
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mass of mussels (Musculus spp.) and whelks. Beyond
the differences in food web structure (Lovvorn et al.
2015a), simulation modeling indicates that a number
of the observed shifts in relative biomasses of different
taxa can be induced by altering levels of sediment
LTOC (Lovvorn et al. 2016). We applied the observed
ranges of LTOC for the 3 food web types to the hind-
cast spatial patterns of LTOC to estimate the  spatial
patterns of these food web types in each year.

3.  RESULTS

3.1.  Longer-term sediment OC vs. fresh microalgae

The total OC content of surface sediments from
March to early June (dates in Table 1) includes both
recently settled fresh microalgae and the LTOC pool
remaining at the end of winter. As seen south of St.
Lawrence Island (Fig. 2), amounts and spatial patterns
of settled microalgae vary tremendously over the
course of the spring bloom, initial settling, and subse-
quent resuspension and advection. Thus, for a single
field survey in a given year, patterns of fresh micro-
algae in the sediments will depend strongly on the
timing of that survey relative to patterns of ice cover,
phytoplankton bloom pheno logy, and subsequent
wind and currents. Moreover, the spatial distribution
of settled fresh microalgae can differ substantially
from patterns for the longer-term OC pool, being al-
most opposite in some years such as 2007 and 2010
(Fig. 3). Because benthic assemblages in clude many
organisms whose life histories encompass food avail-

ability over multiple seasons and years, we presumed
that their spatial relationships with sediment OC
are more accurately reflected in the longer-term pool
that excludes recently settled (and still mobile) fresh
microalgae. Thus, we restricted analyses to the
longer-term pool (LTOC), which integrates resuspen-
sion, advection, and settlement of organic surface
sediments over a year or more.

3.2.  South of St. Lawrence Island

South and offshore of St. Lawrence Island, step-
wise multiple regressions indicated that water depth
was overwhelmingly the dominant and most consis-
tent predictor of LTOC, explaining 65 to 76% of its
variation in 8 years between 1994 and 2010 (Table 3).
Far lower and less consistent an nual influence was
exerted by variation in east− west flow in March and
April or the entire preceding winter of some years
(3−11%), and by temperature changes from April to
May or from month to month during October to Feb-
ruary in some years (3−7%). The much higher corre-
lation of LTOC with water depth than with current
flows was consistent regardless of whether analyses
considered mean flows during the month prior to
sampling, during the entire preceding winter, or dur-
ing the previous 5 winters. For all years combined,
the regression showed similar dominance by depth
with little to no effect of other variables (Table 3).
(For all variables and years combined, the equation
was LTOC = −34.1 + 1.0 [depth] + 362.3 [east−   west
flow in April], r2 = 0.77, p < 0.001.)
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For each year, we used GWR (Gaussian kernel) to
predict LTOC from water depth for each 1.0 × 1.0 km
pixel. The resulting map of sediment OC showed a
strong regional gradient with some scattered local
patches of sediment accumulation (Fig. 4). Despite
the modest net flow speeds in this area, the instanta-
neous flow field regularly exceeds 40 cm s−1 and is
dominated by tides (which comprise about two-thirds
of the total variance of instantaneous flow), with the
largest semi-diurnal component (M2) having a mag-
nitude of nearly 16 cm s−1 (Danielson et al. 2012).
Such a flow field can resuspend sediments intermit-

tently. The over-arching process seems to
be that once organic sediments are sus-
pended by flows from any direction, they
generally move downslope and tend not
to flow back upslope, even in this region
of very gradual depth gradients. LTOC is
integrated over months to years, and
appears to represent more the endpoint of
the transport process (elevation) rather
than variables affecting the rate or amount
of sediment flowing transiently past any
given point (slope, drainage area).

3.3.  Chirikov Basin

Data on sediment OC and benthic orga -
nisms were available for the Chirikov
Basin for 23 stations comprehensively sam-
pled from 20–25 May 2006 and 29 May– 3
June 2007 (Table 1). In this region, 3 water
masses converge to flow northward
through the narrow Bering Strait, resulting
in mean monthly flow speeds from 1994–
2010 that were generally 6.6 times greater
in the Chirikov Basin (mean 6.6 cm s–1,
range 1.2− 20.1 cm s–1) than south of St.
Lawrence Island (mean 1.0 cm s–1, range
0.5− 2.5 cm s–1). Moreover, water depths
were shallower in the Chirikov Basin
(mean 39 m, range 22−65 m) than south of
St. Law rence Island (mean 63 m, range 29−
103 m). Under these conditions of higher
flows, shallower depths, and smaller range
of depths in the Chirikov Basin, water
depth had little effect on patterns of LTOC
(Table 4). (For all variables and years com-
bined, LTOC = −13.8 + 148.3 [north−south
flow in December] − 14.2 [salinity change
from Sep to Oct] + 0.5 [depth], r2 = 0.38, p <
0.001). Instead, LTOC was best correlated

with the speed of north− south flows in fall or early
winter, and in 2007 on the variability of north− south
flow speeds in the preceding 5 yr (Table 4). Salinity
changes in early fall or spring, associated mainly with
wind-driven shifts in relative positions of the major
water masses (Gawarkiewicz et al. 1994), had rela-
tively minor effects. Comparing the patterns of aver-
age surface wind stress during the same months in
different years (Fig. 5) shows how very different the
wind conditions can be, helping to explain why local
resuspension and advection can overwhelm effects of
depth or other variables in determining patterns of
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sediment OC in this area. Large but spatially coherent
variations in monthly means of north−south flow
speed among years and seasons (Fig. 6) further attest
to the importance of the variability of wind-driven
currents in this region.

However, the particular months in which winds and
associated water-mass positions (salinity) ex erted
their effects varied substantially between the 2 years
of sampling (Table 4). Moreover, except for 2 stations,
the range of levels of LTOC in the Chirikov Basin was
far less than south of St. Lawrence Island (1−30 vs.
1−70 g C m−2, cf. Figs. 4 & 7), thereby re ducing the
scope of values for developing predictive models. As

a result, the regression for both years
combined was strongly influenced by a
small northeastern region with unusually
high LTOC in 2007, and thus yielded
high predictive capability in 2007 (r2 =
0.60) but less so in 2006 (r2 = 0.18; Fig. 7).
When the timing of flows from the same
year was used in the absence of the
northeastern concentration of LTOC, the
correlation in 2006 was much higher (r2 =
0.48, Table 4). In practice, such inconsis-
tencies could be anticipated based on
longer-term physical data, which indi-
cated large annual differences in the
timing, direction, and magnitude of
winds (Figs. 5 & 6). In such cases, model-
ing patterns of LTOC will re quire longer
time series of sediment sampling to sub-
sume the range of annual variability in
winds and LTOC patterns.

3.4.  Mapping predicted food web types

Based on food web types associated
with differing ranges of LTOC (see Sec-
tion 2.3), we evaluated the relative per-
sistence of regions with different food
web types as predicted from the regres-
sion models for LTOC in the Chirikov
Basin and the area south of St. Law -
rence Island (cf. Steenbeek et al. 2013).
South of St. Lawrence Island, conditions
favoring the main ly deposit-feeding
assemblage dominated by infaunal bi -
valves, various worm taxa, brittle stars,
and flatfish (Type 1) occupied a consis-
tently large area in the 7 years sam-
pled between 1999 and 2010 (Fig. 8).
However, the extent of assemblage

Type 3, with a greater prevalence of filter-feeding
bi valves, amphi pods, crabs, sea stars, and sculpins,
ranged from quite limited in 1999 and 2006 to
much greater in 2008−2010. The extent of the
intermediate Type 2 assemblage also varied sub-
stantially, but not as much as Type 3. Bathymetry,
the variable from which the relative extents of
LTOC in different years were estimated in this
region, did not show such annual variations. Thus,
varying amounts of organic inputs among years
modulated the areal extent of different LTOC lev-
els, but not the core locations of persistent patches
defined by depth.
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Year      Variable                                                            Partial  Cumulative
                                                                                            r2               r2

1994      Depth (LTOC = −47.0 + 1.06 D)                                          0.74
             East−west flow in Mar 1994                              0.10           0.84
             Temperature change, Apr to May 1994           0.03           0.87
             Temperature change, Oct to Nov 1993            0.03           0.90

1999      Depth (LTOC = −34.8 + 1.05 D)                                          0.65
             Temperature in Dec 1998                                  0.07           0.72

2001      Depth (LTOC = −27.5 + 0.8 D)                                            0.68
             Temperature change, Dec 2000 to Jan 2001   0.06           0.74
             Temperature in Apr 2000                                  0.03           0.77  (−)

2006      Depth (LTOC = −31.0 + 0.9 D)                                            0.69
             East−west flow in Apr 2006                              0.11           0.80
             Temperature change, Feb to Mar 2006           0.04           0.84  (−)
             Resultant flow speed in Mar 2006                    0.01           0.85  (−)

2007      Depth (LTOC = −38.8 + 1.1 D)                                            0.74
             East−west flow in Apr 2007                              0.06           0.80
             Change in resultant flow speed,                      0.03           0.83  (−)
             Dec 2006 to Jan 2007

2008      Depth (LTOC = −34.1 = 1.0 D)                                            0.76
             Temperature in May 2007                                 0.13           0.89

2009      Depth (LTOC = −30.5 + 0.9 D)                                            0.75
             Temperature change, Apr to May 2008           0.04           0.79
             East−west flow (prior winter mean)                 0.03           0.82
             Temperature in Mar 2009                                 0.03           0.85  (−)

2010      Depth (LTOC = −34.1 + 1.0 D)                                            0.68
             North-south flow in Mar 2010                          0.07           0.75 
             Temperature change, Nov to Dec 2009           0.04           0.79
             Temperature change, Jan to Feb 2010            0.07           0.86  (−)
             Slope                                                                   0.02           0.88
             Resultant flow speed in Jun 2009                     0.02           0.90  (−)

All        Depth (LTOC = −34.4 + 1.0 D)                                            0.72
years    East−west flow in April                                     0.05           0.77

Table 3. Partial and cumulative adjusted r2 values for significant variables
(p < 0.05) in stepwise regressions on longer-term organic carbon (LTOC) in
the top 5 cm of sediments of the northern Bering Sea south of St. Lawrence
Island. Correlations were positive unless indicated as negative (−). Positive
north−south flow is northward, and positive east−west flow is eastward.
However, a positive correlation indicates the direction of relationship be-
tween variables such that a negative correlation could signify a lessening
of positive (northward) flow. Regression equations for depth (D) alone are 

provided for each year and for all years combined (all p < 0.001)
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In the Chirikov Basin, the spatial distribution of
predicted food web types was quite different, with
higher current speeds and shallower and less varied
water depths leading to greater extent of assemblage
Type 3 associated with lower sediment OC (Fig. 9).
More depositional conditions favoring food web Type
1 occurred only in the northern portion and in only 1
of 2 years of sampling. Conditions favoring the inter-
mediate Type 2 occurred in the southeast central and
northern portions of the Chirikov Basin.
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Fig. 4. Longer-term organic carbon (LTOC, excluding fresh micro-
algae, g C m–2) in the top 5 cm of sediments measured at sampling
stations (circles), relative to LTOC predicted from water depth for
each 1 km2 pixel by geographically weighted regression (GWR)
for all years combined (equation for all years in Table 3). Anno-
tated r2 values are from linear regressions of values predicted vs. 

observed at each station

Year     Variable                                            Partial  Cumulative
                                                                           r2               r2

2006     North−south flow in Sep 2005                           0.48
            (LTOC = 0.5 + 143.3 FSep05)
            Salinity change, Sep to Oct 2005      0.10           0.58  (−)

2007     North−south flow in Dec 2006                           0.55
            (LTOC = 3.1 + 404.3 FDec06)
            North−south flow SD, 2002 to 2007  0.17           0.72  (−)
            Salinity change, May to Jun 2006     0.04           0.76

Both     North−south flow in Dec                                    0.28
years    (LTOC = 5.4 + 228.4 FDec)
            Change in salinity, Sep to Oct          0.05           0.33  (−)
            Depth                                                  0.05           0.38

Table 4. Partial and cumulative adjusted r2 values for significant
variables (p < 0.05) in stepwise regressions on longer-term or-
ganic carbon (LTOC) in the top 5 cm of sediments in the Chirikov
Basin region of the Bering Sea north of St. Lawrence Island. Con-
ventions as in Table 3. Regression equations for north−south flow
(F) alone are provided for each year and for both years combined 
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4.  DISCUSSION

Due to differences in landscape patterns of bathy -
metry and hydrography, efforts to estimate the distri-
butions of benthic communities from ocean circula-
tion models will likely be regionally specific, with
different factors exerting variable influence (cf. our
results vs. Rand et al. 2018 for the Barrow Canyon
area in the Chukchi Sea). However, within regions
having a gradient of food web types, such as the gen-
tly sloping, soft bottoms of the Pacific Arctic shelves
(Grebmeier et al. 2015b, Lovvorn et al. 2018a), we
have shown that it is possible to model existing and
potential spatial patterns based on only 1 or a few
integrative variables (Lovvorn et al. 2016, 2018a; see
also Weinert et al. 2016).

With the caveat that patterns of LTOC north of St.
Lawrence Island were based on only 2 years of sam-
pling, our results suggest that protecting only por-
tions of this area would be adequate to sustain food
web Type 3, but not Type 1 and perhaps not Type 2
in all years. Implementing protections for a broad
area south of the island would sustain both Types 1
and 2 but would likely not be adequate to sustain
Type 3 in all years. For types in each region that oc -
cur inconsistently among years, a number of longer-
lived taxa could likely persist through intermittent
periods of too much or too little accumulation of
sediment OC by adjusting their metabolic rates,
growth, or reproductive output. However, a series of
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such years in succession might greatly reduce or
eliminate components of the food web important to
upper-level predators, such as deposit-feeding bi -
valve taxa that achieve extraordinary densities in
highly organic sediments (important to sea ducks),
or filter-feeding ampeliscid amphipods that favor
less organic sediments (important to gray whales).
For long-term planning, a broad area south of the
island as well as a substantial area north of the
island would need to be included in plans to con-
serve a complement of these major food web types
in all years.

4.1.  Hindcasting vs. forecasting

In the northern Bering Sea, the more effective ap -
proach to projecting probable future distributions of
LTOC and associated food web types differed be -
tween the 2 study areas. South of St. Lawrence Is -
land, by far the best predictor was bathymetry, which
will not change appreciably over relevant time
scales. An nual variations in coverage of different
food web types in Fig. 8 appear to be mainly expan-
sions and contractions of areal extent over a stable
bathymetric gradient, perhaps due to changes in
total primary production. Core areas most likely to
persist in all years, such as the area of Type 3 in 1999
and 2006 (Fig. 8), are of greatest conservation prior-
ity. In this subregion, hydrographic models may be of
limited value for predicting future patterns of LTOC
once patterns of LTOC with depth are identified over
a series of years that encompass a wide range of con-
ditions. In contrast, in the Chirikov Basin, patterns of
LTOC were mainly a function of near-bottom cur-
rents. However, because those currents varied wide -
ly in timing and spatial pattern among years, a re -
gression including only a few years would likely not

capture important annual differences or identify
areas where particular food web types were avail-
able in all years. Hindcasts over a series of years that
include a wide range of conditions are more likely to
encompass areas where different food web types
would persist under a shifting climate (cf. Figs. 8 & 9).

4.2.  Alternative approaches for delineating
 assemblages and food web types

Because different taxa have unique environmental
affinities, it has been argued that the distribution of
each taxon should be analyzed separately at multiple
scales rather than as part of an integrated assem-
blage of species with similar distributions (Silber-
berger et al. 2019). Other studies have also focused
on responses of individual taxa to gradients of envi-
ronmental factors to predict assemblages found in a
given area (Gogina et al. 2010, Reiss et al. 2011).
Variations among taxa in dispersal ability and settle-
ment preferences support the logic of this individual-
species approach (Corte et al. 2018, Silberberger et
al. 2019). However, in addition to their independent
tolerances, component species usually interact directly
or indirectly with other species on whose distribu-
tions they depend (Lovvorn et al. 2016). Accordingly,
many studies have found recognizable assemblages
of species that consistently co-occur (Van Hoey et al.
2004, Garcia et al. 2011, Lovvorn et al. 2015a). For
example, the spacing of our sampling stations (Fig. 1)
generally corresponded to the meso scale (20 km) of
Silberberger et al. (2019) in which the spatial pattern
of different epifaunal taxa did not correspond to any
environmental driver they examined. This result sug-
gests that species interactions among epifauna, or
between epifauna and their prey or predators, may
have played an important role.
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Moreover, marine spatial planning often requires
delineation and partitioning of space among compet-
ing and sometimes incompatible conservation and
human uses (Douvere 2008). Stipulating spatial limits
to differing types or intensities of human use based
on varying individual gradients of an array of compo-
nent species will often be impractical. It may also be
financially infeasible to sample at scales ranging
from many tens of kilometers to single kilometers
over large areas to assess diverse taxa whose distri-
butions may each vary at different scales. By using
an ocean circulation model to predict values of a
dominant biotic driving variable (sediment LTOC) at
4- to 5-km resolution, our approach allows estimates
of the spatial patterns of both community composi-
tion and food web function based on reasonable
scales of field sampling.

For highly mobile predators, important habitats
have also been delineated based on radiotelemetry
(e.g. Citta et al. 2018). Such areas have been further
characterized via resource selection functions, which
compare environmental variables and even suites of
available prey between locations that are used vs.
not used by animals carrying satellite transmitters
(Dickson & Smith 2013, Beatty et al. 2016). These ap -
proaches are compelling because they are based on
direct measurements of animals in the field. How-
ever, they do not account for suitable areas that are
unused in unsaturated habitat, especially by species
with much reduced populations (Camaclang et al.
2015). They also do not consider social interactions
(such as persistent flocking) or lack of omniscience
about the locations and quality of all habitats, which
may vary among years. Both of these factors can re -
sult in under-use of suitable areas or even use of low-
quality areas at the time the animals’ locations are re -
corded. These shortcomings can be overcome by
larger sample sizes over longer periods. Neverthe-
less, mechanistic understanding of both habitat de -
pendencies and the factors that generate those habi-
tats is needed to estimate spatial patterns of suitable
areas under altered environmental conditions.

4.3.  Importance of episodic disturbances

Prediction of the benthic food web type that
typically occurs at a given location can be confounded
by major disturbances (Harris 2012). Storms on the
Bering Sea shelf occasionally produce waves about
200 m long and 10 m high, which can disrupt soft-bot-
tom sediments at water depths of at least 90 m
(Sharma 1972). Benthic feeding by walruses and gray

whales, which can occur in large concentrations, can
also restructure sea floor communities at a local scale
(Klaus et al. 1990). After major benthic faunal mortal-
ity, disturbance effects depend on differences among
taxa in the magnitude, timing, and distance of plank-
tonic or post-settlement dispersal, followed by interac-
tions among colonizing species (Strasser & Günther
2001, Corte et al. 2018). Our samples of macro  benthos
retained by a 1 mm sieve do not represent newly set-
tled planktonic or drifting early stages of benthic
fauna, but only older individuals that have survived
post-settlement conditions or perhaps post-settlement
dispersal. The 3 major food web types in the northern
Bering Sea shared many of the same taxa; the types
differed mainly in consistency of oc cur rence and rela-
tive biomass of the major deposit- or filter-feeding
species, and of fish or invertebrate pre dators on those
species (Lovvorn et al. 2015a, 2018a). Regardless of
possible disturbances, assemblage structure in our re-
gion appeared to be strongly affected by LTOC levels
that annually integrated a range of variables favoring
certain herbivores, microbivores, and associated pre -
dators, either in choice of settlement location or in-
teractions with other food web components.

4.4.  Effects of ice on patterns of primary
 production, LTOC, and associated food webs

At local scales of only tens of kilometers in the
northern Bering Sea, the spatial distribution of sedi-
ment chlorophyll often does not match patterns of pri-
mary production in the upper water column (Lovvorn
et al. 2013). However, at larger scales, the areal ex tent
and melt chronology of sea ice do affect the total mag-
nitude of primary production (Cooper et al. 2012,
Brown & Arrigo 2013, Grebmeier et al. 2018), and may
thereby alter LTOC and associated benthic communi-
ties. The overall east to west in crease in LTOC (Fig. 4)
and total benthic biomass (Grebmeier et al. 2006)
south of St. Lawrence Island may be partly explained
by temporal and spatial patterns of ice break-up and
resulting open water for bloom formation (Feng et al.
2018, unpubl. data). However, in our studies,  neither
chlorophyll concentrations integrated throughout the
water column, nor surface sediment chlorophyll
measured during or shortly after the peak of the
spring bloom, corresponded well to LTOC at more lo-
cal scales (Fig. 3; Lovvorn et al. 2013).

Why might spatial patterns of chlorophyll measured
near the top of the water column from satellites be
poorly related to local patterns of benthic communi-
ties? For our 2 Bering Sea study areas and in the
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northern and southern Chukchi Sea, total biomass of
benthic macrofauna was highly correlated with sedi-
ment total OC (r2 = 0.89). However, sediment total OC
had much lower correlation with surface sediment
chl a (freshly settled microalgae) (r2 = 0.22) (Greb meier
et al. 2018). A collection of benthic deposit-feeders (3
bivalve species, a polychaete, and a brittle star) in our
Bering Sea study areas did ingest diatoms freshly set-
tled from the spring bloom; however, stable isotope
and fatty acid biomarkers indicated that the diatoms
generally were not assimilated, and that these inver-
tebrates instead subsisted mainly on bacteria consum-
ing longer-term sediment organic matter (Lovvorn et
al. 2005, North et al. 2014). Similar findings have been
reported for the Antarctic Peninsula region and the
Chukchi Sea (Mincks et al. 2008, McTigue & Dunton
2014). Moreover, evaluating the spatial pattern of
total primary production in the water column is com-
plicated by the inability of satellite sensors to measure
chlorophyll at depths exceeding 5−6 m when chlo -
rophyll maxima commonly oc cur at 20 to 40 m, and
by the very limited temporal and spatial coverage of
chlorophyll depth profiles measured from ships
during relatively infrequent research cruises (Lovvorn
et al. 2015a). Based on our results here and in earlier
studies, models to link satellite data on ice-influenced,
near- surface primary production to local patterns of
soft-bottom assemblages must consider the redistrib-
ution of settled phytodetritus and organic sediments
in re lation to depth and near-bottom currents (Fig. 3;
Lovvorn et al. 2013).

4.5.  Links to climate models

Contemporary global climate models (general cir-
culation models, GCMs) typically have atmospheric
horizontal resolutions of 1−3° (60− 180 nautical miles,
n miles) and oceanic resolutions of 1−2° (60−120 n
miles) (Stock et al. 2011, Wang et al. 2012, Hermann
et al. 2016). However, global models have been
downscaled to link with regional ocean circulation
models having horizontal resolution as fine as 4−13 n
miles (Ådlandsvik 2008, Mathis et al. 2013, Hermann
et al. 2016).

In the Bering Sea, such downscaled climate models
have been used to predict the biomass of all benthic
infaunal taxa combined. These models were based
on standard equations applied uniformly to all taxa to
estimate their metabolic response to temperature
and their relative ingestion of small and large phyto-
plankton and detritus (Gibson & Spitz 2011, Hermann
et al. 2016). However, metabolic responses to temper-

ature and reliance on filter-feeding vs. deposit-feed-
ing often vary substantially among taxa of benthic
invertebrates, and responses to temperature tend to
be highly nonlinear below 5°C for which few meas-
urements are available (see the Supplementary Mate-
rial in Lovvorn et al. 2015a). Nevertheless, these mod-
els did recognize that changes in the amount, type,
and quality of food are an important component of cli-
mate change effects on benthic communities.

Alternatively, climate-driven changes in dispersion
of different benthic invertebrates have been modeled
by projecting geographic shifts in the temperature
and salinity ranges at which different taxa are cur-
rently observed to occur (Weinert et al. 2016). That
approach does not directly account for trophic inter-
actions among taxa that can strongly alter responses
to environmental change (Lovvorn et al. 2018a).
Moreover, many empirical studies indicate that
 climate-driven changes in organic matter inputs are
far more important than temperature in altering
metabolic rates, growth, and trophic interactions
(Clarke 1988, Ahn et al. 2003, Eriksson Wiklund et al.
2009, Carroll et al. 2009).

Stock et al. (2011) suggested that better predictions
of climatic impacts on living marine resources re -
quire improved understanding of mechanisms that
link biotic components to climate, and better repre-
sentation of those mechanisms in more holistic mod-
els. Toward this end, we identified sediment LTOC as
a variable that integrates many mechanisms that de -
termine food web structure and function in soft sedi-
ments of the northern Bering Sea. Based on studies
that revealed LTOC as the principal carbon input to
the benthic communities (Lovvorn et al. 2005, 2015a,
North et al. 2014), we established that the 3 major
recognizable assemblages occurred along a gradient
of LTOC (Lovvorn et al. 2018a). When food web mod-
els developed for these assemblages were subjected
to shifts in sediment LTOC spanning the range of val-
ues observed in the field, simulated changes in the
food webs were similar to those observed (Lovvorn et
al. 2016). In this paper we have related sediment
LTOC, an integrative mechanistic variable driving
food web structure and function, to bathymetry and
hydrographic patterns predicted from a regional
ocean circulation model. The ROMS framework has
been used in several cases for downscaling from
global climate models (Ådlandsvik 2008, Hermann et
al. 2016), and our work provides a path for that sub-
sequent step.

We were interested in delineating food webs at
scales small enough to be relevant to the movements
of benthic bird and mammal predators (Lovvorn et al.
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2009, 2014, Dickson & Smith 2013, Citta et al. 2018).
At such small scales (tens of kilometers), the spatial
patterns of conditions favoring different food web
types can vary appreciably among years, and our re-
sults show that simulations over a number of years are
needed to identify areas where particular food web
types persist (cf. Figs. 8 & 9). Once the model parame-
ters and their ranges that are most related to different
food web types are identified for particular regions,
hindcasts under a variety of climate change scenarios
can be generated to aid in long-term spatial planning.

Finally, we note that our analyses do not directly
consider planktonic larval or post-settlement disper-
sal in estimating the distributions of benthic assem-
blage types. Current-driven dispersal processes have
often been emphasized in planning spatial arrange-
ments among units within reserve networks (Ross et
al. 2017). As noted earlier, the 3 major types of ben-
thic food web in the northern Bering Sea contain
many of the same species, but differ substantially in
consistency of occurrence and relative biomass of
those species (Lovvorn et al. 2015a, 2018a). Conse-
quently, our focus has been on areas in which a
recurring supply of dispersing recruits is modified by
post-settlement processes to yield differential occur-
rence and relative biomass of taxa among benthic
food web types. Nevertheless, predictions of temper-
ature, salinity, and current patterns make the ap -
proach presented here well-suited for simulating dis-
persal patterns under different climatic conditions
(Parada et al. 2010).
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in benthic macrofauna populations, seasonal sea ice per-
sistence, and bottom water temperatures in the Bering
Strait region. Oceanography 31: 136−151 

Harris PT (2012) On seabed disturbance, marine ecological
succession and applications for environmental manage-
ment:  a physical sedimentological perspective. In:  Li MZ,
Sherwood CR, Hill PR (eds) Sediments, morphology and
sedimentary processes on continental shelves. IAS Spe-
cial Publication 44. International Association of Sedi-
mentologists, West Sussex, p 387−404 

Harris PT, Macmillan-Lawler M, Kullerud L, Rice JC (2018)
Arctic marine conservation is not prepared for the com-
ing melt. ICES J Mar Sci 75: 61−71 

Hermann AJ, Gibson GA, Bond NA, Curchitser EN and oth-
ers (2016) Projected future biophysical states of the
Bering Sea. Deep Sea Res II 134: 30−47 

Kissling WD, Dormann CF, Groeneveld J, Hickler T and oth-
ers (2012) Towards novel approaches to modelling biotic
interactions in multispecies assemblages at large spatial
extents. J Biogeogr 39: 2163−2178 

Klaus D, Oliver JS, Kvitek RG (1990) The effects of gray
whale, walrus, and ice gouging disturbance on benthic
communities in the Bering Sea and Chukchi Sea, Alaska.
Natl Geogr Res 6: 470−484

Kösters F, Winter C (2014) Exploring German Bight coastal
morphodynamics based on modelled bed shear stress.
Geo-Mar Lett 34: 21−36 

Le Hir P, Monbet Y, Orvain F (2007) Sediment erodability in
sediment transport modelling:  Can we account for biota
effects? Cont Shelf Res 27: 1116−1142 

Lovvorn JR, Cooper LW, Brooks ML, De Ruyck CC, Bump
JK, Grebmeier JM (2005) Organic matter pathways to
zooplankton and benthos under pack ice in late winter
and open water in late summer in the north-central
Bering Sea. Mar Ecol Prog Ser 291: 135−150 

Lovvorn JR, Grebmeier JM, Cooper LW, Bump JK, Richman
SE (2009) Modeling marine protected areas for threat-

52

https://doi.org/10.1016/j.pocean.2014.04.006
https://doi.org/10.1029/2015EO040975
http://projects.nprb.org/
https://doi.org/10.1016/j.dsr2.2016.05.024
https://doi.org/10.1002/aqc.3075
https://doi.org/10.3354/meps258109
https://doi.org/10.1002/jwmg.529
https://doi.org/10.1016/j.marpol.2008.03.021
https://doi.org/10.3354/meps08290
https://doi.org/10.1111/j.1439-0485.2011.00428.x
https://doi.org/10.1029/94JC00259
https://doi.org/10.1016/j.jmarsys.2011.04.008
https://doi.org/10.1016/j.jmarsys.2009.10.001
https://doi.org/10.1890/08-1193.1
https://doi.org/10.3354/meps291135
https://doi.org/10.1016/j.csr.2005.11.016
https://doi.org/10.1007/s00367-013-0346-y
https://doi.org/10.1111/j.1365-2699.2011.02663.x
https://doi.org/10.1016/j.dsr2.2015.11.001
https://doi.org/10.1093/icesjms/fsx153
https://doi.org/10.5670/oceanog.2018.224
https://doi.org/10.5670/oceanog.2015.61
https://doi.org/10.1016/j.pocean.2015.05.006
https://doi.org/10.1016/j.pocean.2006.10.001
https://doi.org/10.3354/meps053079
https://doi.org/10.1371/journal.pone.0068263


Lovvorn et al.: Predicting sediment C and food web types

ened eiders in a climatically changing Bering Sea. Ecol
Appl 19: 1596−1613 

Lovvorn JR, Raisbeck MF, Cooper LW, Cutter GA and others
(2013) Wintering eiders acquire exceptional Se and Cd
burdens in the Bering Sea:  physiological and oceano-
graphic factors. Mar Ecol Prog Ser 489: 245−261 

Lovvorn JR, Anderson EM, Rocha AR, Larned WW and oth-
ers (2014) Variable wind, pack ice, and prey dispersion
affect the longer-term adequacy of protected areas for an
Arctic sea duck. Ecol Appl 24: 396−412 

Lovvorn JR, Jacob U, North CA, Kolts JM, Grebmeier JM,
Cooper LW, Cui X (2015a) Modeling spatial patterns of
limits to production of deposit-feeders and ectothermic
predators in the northern Bering Sea. Estuar Coast Shelf
Sci 154: 19−29 

Lovvorn JR, Rocha AR, Jewett SC, Dasher D, Oppel S, Pow-
ell AN (2015b) Limits to benthic feeding by eiders in a
vital Arctic migration corridor due to localized prey and
changing sea ice. Prog Oceanogr 136: 162−174 

Lovvorn JR, North CA, Kolts JM, Grebmeier JM, Cooper LW,
Cui X (2016) Projecting the effects of climate- driven
changes in organic matter supply on benthic food webs in
the northern Bering Sea. Mar Ecol Prog Ser 548: 11−30 

Lovvorn JR, North CA, Grebmeier JM, Cooper LW, Kolts JM
(2018a) Sediment organic carbon integrates changing
environmental conditions to predict benthic assemblages
in shallow Arctic seas. Aquat Ecol 28: 861−871 

Lovvorn JR, Rocha AR, Mahoney AR, Jewett SC (2018b) Sus-
taining ecological and subsistence functions in conserva-
tion areas:  eider habitat and access by Na tive hunters
along landfast ice. Environ Conserv 45: 361−369 

Mathis M, Mayer B, Pohlmann T (2013) An uncoupled dyna -
mical downscaling for the North Sea:  method and evalu-
ation. Ocean Model 72: 153−166 

McHenry J, Steneck RS, Brady DC (2017) Abiotic proxies for
predictive mapping of nearshore benthic assemblages: 
implications for marine spatial planning. Ecol Appl 27: 
603−618 

McTigue ND, Dunton KH (2014) Trophodynamics and
organic matter assimilation pathways in the northeast
Chukchi Sea, Alaska. Deep Sea Res II 102: 84−96 

Mincks SL, Smith CR, Jeffreys RM, Sumida PYG (2008)
Trophic structure on the West Antarctic Peninsula shelf: 
detritivory and benthic inertia revealed by δ13C and δ15N
analysis. Deep Sea Res II 55: 2502−2514 

Nelson CH, Johnson KR (1987) Whales and walruses as
tillers of the sea floor. Sci Am 256: 112−117 

North CA, Lovvorn JR, Kolts JM, Brooks ML, Cooper LW,
Grebmeier JM (2014) Deposit-feeder diets in the Bering
Sea:  potential effects of climatic loss of sea ice-related
microalgal blooms. Ecol Appl 24: 1525−1542 

Oliver JS, Slattery PN (1985) Destruction and opportunity on
the sea floor:  effects of gray whale feeding. Ecology 66: 
1965−1975 

Oliver JS, Slattery PN, O’Connor EF, Lowry LF (1983) Wal-
rus, Odobenus rosmarus, feeding in the Bering Sea:  a
benthic perspective. Fish Bull 81: 501−512

Parada C, Armstrong DA, Ernst B, Hinckley S, Orensanz JM
(2010) Spatial dynamics of snow crab (Chionoecetes
opilio) in the eastern Bering Sea — putting together
pieces of the puzzle. Bull Mar Sci 86: 413−437

Pautzke C (2005) The challenge of protecting fish habitat
through the Magnuson−Stevens Fishery Conservation

and Management Act. Am Fish Soc Symp 41: 19−40
Pirtle-Levy R, Grebmeier JM, Cooper LW, Larsen IL (2009)

Chlorophyll a in Arctic sediments implies long persist-
ence of algal pigments. Deep Sea Res II 56: 1326−1338 

Puls W, Sundermann J (1990) Simulation of suspended sedi-
ment dispersion in the North Sea. In:  Cheng RT (ed)
Residual currents and longer-term transport. Springer-
Verlag, New York, NY, p 356–372

Rand K, Logerwell E, Bluhm BA, Chenelot H, Danielson S,
Iken K, Sousa L (2018) Using biological traits and envi-
ronmental variables to characterize two Arctic epiben-
thic invertebrate communities in and adjacent to Barrow
Canyon. Deep Sea Res II 152: 154−169 

Reiss H, Cunze S, König K, Neumann H, Kröncke I (2011)
Species distribution modelling of marine benthos:  a North
Sea case study. Mar Ecol Prog Ser 442: 71−86 

Ross RE, Nimmo-Smith WAM, Howell KL (2017) Towards
‘ecological coherence’:  assessing larval dispersal within
a network of existing Marine Protected Areas. Deep Sea
Res I 126: 128−138 

Rutgers van der Loeff MM, Meyer R, Rudels B, Rachor E
(2002) Resuspension and particle transport in the benthic
nepheloid layer in and near Fram Strait in relation to fau-
nal abundances and 234Th depletion. Deep Sea Res I 49: 
1941−1958 

Sharma GD (1972) Graded sedimentation on Bering Shelf.
Int Geol Congr Sess 24: 262−271

Sheffield G, Grebmeier J (2009) Pacific walrus (Odobenus
rosmarus divergens):  differential prey digestion and diet.
Mar Mamm Sci 25: 761−777 

Silberberger MJ, Renaud PE, Buhl-Mortensen L, Ellingsen
IH, Reiss H (2019) Spatial patterns in sub-Arctic benthos: 
multiscale analysis reveals structural differences be -
 tween community components. Ecol Monogr 89: e01325 

Steenbeek J, Coll M, Gurney L, Melin F, Hoepffner N,
Buszow ski J, Christensen V (2013) Bridging the gap be -
tween ecosystem modeling tools and geographic infor-
mation systems:  driving a food web model with external
spatial-temporal data. Ecol Model 263: 139−151 

Stock CA, Alexander MA, Bond NA, Brander KM and others
(2011) On the use of IPCC-class models to assess the
impact of climate on living marine resources. Prog
Oceanogr 88: 1−27 

Strasser M, Günther CP (2001) Larval supply of predator and
prey:  temporal mismatch between crabs and bivalves
after a severe winter in the Wadden Sea. J Sea Res 46: 
57−67 

Thomsen L, Flach E (1997) Mesocosm observations of fluxes
of particulate matter within the benthic boundary layer.
J Sea Res 37: 67−79 

Van Hoey G, Degraer S, Vincx M (2004) Macrobenthic com-
munity structure of soft-bottom sediments at the Belgian
Continental Shelf. Estuar Coast Shelf Sci 59: 599−613 

Wang M, Overland JE, Stabeno P (2012) Future climate of
the Bering and Chukchi Seas projected by global climate
models. Deep-Sea Res II 65-70: 46−57

Weinert M, Mathis M, Kröncke I, Neumann H, Pohlmann T,
Reiss H (2016) Modelling climate change effects on ben-
thos:  distributional shifts in the North Sea from 2001 to
2099. Estuar Coast Shelf Sci 175: 157−168 

Welschmeyer NA (1994) Fluorometric analysis of chloro-
phyll a in the presence of chlorophyll b and phaeopig-
ments. Limnol Oceanogr 39: 1985−1992

53

https://doi.org/10.3354/meps10439
https://doi.org/10.1890/13-0411.1
https://doi.org/10.1016/j.ecss.2014.12.020
https://doi.org/10.1016/j.pocean.2015.05.014
https://doi.org/10.3354/meps11651
https://doi.org/10.1002/aqc.2906
https://doi.org/10.1017/S0376892918000103
https://doi.org/10.1016/j.ocemod.2013.09.004
https://doi.org/10.1002/eap.1469
https://doi.org/10.1016/j.dsr2.2013.07.016
https://doi.org/10.1016/j.dsr2.2008.06.009
https://doi.org/10.1038/scientificamerican0287-112
https://doi.org/10.1890/13-0486.1
https://doi.org/10.2307/2937392
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.1016/j.ecss.2016.03.024
https://doi.org/10.1016/j.ecss.2003.11.005
https://doi.org/10.1016/S1385-1101(97)00004-X
https://doi.org/10.1016/S1385-1101(01)00063-6
https://doi.org/10.1016/j.pocean.2010.09.001
https://doi.org/10.1016/j.ecolmodel.2013.04.027
https://doi.org/10.1002/ecm.1325
https://doi.org/10.1111/j.1748-7692.2009.00316.x
https://doi.org/10.1016/S0967-0637(02)00113-9
https://doi.org/10.1016/j.dsr.2017.06.004
https://doi.org/10.3354/meps09391
https://doi.org/10.1016/j.dsr2.2017.07.015
https://doi.org/10.1016/j.dsr2.2008.10.022


Mar Ecol Prog Ser 633: 37–54, 202054

Bathymetric depth from either PAROMS, ARDEM, or shipboard bathymetric
data 

Drainage area, based on depths from PAROMS
Slope of sea floor, based on depths from PAROMS for each 19 km2 pixel

Salinity (from PAROMS)
  Mean and SD among all months in the prior 5 yr
  Mean and SD among preceding months during the current winter
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year

Water temperature (from PAROMS)
  Mean and SD among all months in prior 5 yr
  Mean and SD among preceding months during the current winter
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year

Distance to nearest location with current flow speed >5 cm s−1 (1983–2007)

East−west and north−south flow vectors (from PAROMS)
  Mean and SD among all months in the prior 5 yr
  Mean and SD among all months during the prior 5 winters
  Mean and SD among preceding months during the current winter
  Individual means for each of the prior 12 mo

Resultant flow speed (from PAROMS)
  Mean and SD among all months (1983–2007)
  Mean and SD among all months during the prior 5 winters
  Mean and SD among preceding months during the current winter
  Individual means for each of the prior 12 mo
  Month-to-month change during the prior year

Appendix
Table A1. List of independent variables regressed against longer-term organic
carbon (LTOC) in sediments sampled during 18−28 May 2007 south of St.
Lawrence Island and 29 May to 3 June 2007 in the Chirikov Basin. Winter was de-
fined as October through April, and the prior 5 yr period was 2002–2007. Flow
vectors and resultant flow speeds are from the bottom layer of the ROMS model 

(extending ~1.5 m above the sea floor)
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